Hypoplastic left heart syndrome (HLHS) with intact atrial septum (HLHS-IAS) carries a high risk of mortality and affects about 6% of all patients with HLHS. Fetal interventions, postnatal transcatheter interventions, and postnatal surgical resection have all been used, but the mortality risk continues to be high in this subgroup of patients. We describe a novel, sequential approach to manage HLHS-IAS and progressive fetal hydrops. A 28-year-old, gravida 4 para 2 mother was referred to Mayo Clinic for fetal HLHS. Fetal echocardiography at 28 weeks of gestation demonstrated HLHS-IAS with progressive fetal hydrops. The atrial septum was thick and muscular with no interatrial communication. Ultrasound-guided fetal atrial septostomy was performed with successful creation of a small atrial communication. However, fetal echocardiogram at 33 weeks of gestation showed recurrence of a pleural effusion and restriction of the atrial septum. We proceeded with an Ex utero Intrapartum Treatment (EXIT) delivery and open atrial septectomy. This was performed successfully, and the infant was stabilized in the intensive care unit. The infant required venoarterial extracorporeal membrane oxygenator support on day of life 1. The patient later developed hemorrhagic complications, leading to his demise on day of life 9. This is the first reported case of an EXIT procedure and open atrial septectomy performed without cardiopulmonary bypass for an open-heart operation and provides a promising alternative strategy for the management of HLHS-IAS in select cases. H ypoplastic left heart syndrome (HLHS) with an intact or severely restrictive atrial septum (HLHS-IAS) carries a high risk of mortality and affects about 6% of all patients with HLHS.
H ypoplastic left heart syndrome (HLHS) with an intact or severely restrictive atrial septum (HLHS-IAS) carries a high risk of mortality and affects about 6% of all patients with HLHS. 1 Emergent relief of obstruction at the atrial level is needed for survival. However, the best strategy for relief of left atrial hypertension is not established. Fetal interventions, postnatal transcatheter interventions, and postnatal surgical resection have all been used, but mortality risk continues to be high. 2 We describe a novel, sequential approach to manage a fetus with HLHS-IAS and progressive fetal hydrops. This staged approach consisted of initial percutaneous in utero fetal atrial septostomy followed by Ex utero Intrapartum Treatment (EXIT) to surgical atrial septectomy (a 2-step process).
CASE PRESENTATION
A 28-year-old, gravida 4 para 2 mother was referred to Mayo Clinic for further management of fetal HLHS. Fetal echocardiogram performed at 28 weeks of gestation demonstrated HLHS-IAS with mitral valve hypoplasia, aortic valve atresia, hypoplastic left ventricle, and hypoplastic ascending aorta. The left atrium was small with dilated pulmonary veins, and the atrial septum was thick and muscular with no interatrial communication or thin primum septum ( Figure 1A ). Pulmonary venous Doppler showed to-and-fro flow with prominent flow reversal during atrial systole and absent early diastolic forward flow, consistent with severe left atrial hypertension ( Figure 1B ). There was no decompressing vein or antegrade flow through the left heart. A new small right-sided pleural effusion and a pericardial effusion were seen on subsequent imaging. Because of the development of these early signs of fetal hydrops, percutaneous fetal intervention was proposed. EXIT TO SURGICAL ATRIAL SEPTECTOMY An EXIT delivery was performed at 34 weeks of gestation under maternal general anesthesia (Figures 2 and 3) . The fetus was partially delivered, and the fetal-placental circulation was maintained. Fetal anesthesia was maintained by placental circulation and additional intramuscular anesthesia in the left thigh of the fetus. After transthoracic echocardiographic confirmation of the status of the atrial septum, a median sternotomy was performed with standby ECMO. The pericardium was opened, providing access to the heart and great vessels. External inspection of the heart confirmed the fetal diagnosis of HLHS with severely hypoplastic ascending aorta, large main pulmonary artery, and a large ductus arteriosus that supplied the descending aorta. At that time, a central line that was secured to the chest wall to enable medication administration and any potential transfusion was placed in the right atrium. A long purse string suture was placed in the right atrial free wall. Using bicaval inflow occlusion technique, the superior and inferior venae cavae were temporarily occluded with vascular clamps. The heart was allowed to empty, and the right atrium was entered through an incision within the purse string suture. The atrial septum consisted entirely of muscular wall, and no thin primum portion was identifiable. Part of this muscular atrial septum was resected, and the heart was deaired by removing the temporary clamps on the venae cavae. Finally, the purse string was pulled to control the bleeding. Epicardial echocardiogram confirmed that the septum was open, but still restrictive. The decision was made to repeat the procedure to ensure adequate decompression of the left side of the heart. After perfusing for a few minutes, the procedure was repeated in the same fashion by bicaval inflow occlusion. The septectomy was extended inferiorly and anteriorly. Epicardial echocardiogram confirmed that the septum was nonrestrictive (Figure 2 ). Acidosis and anemia were corrected. Attention was then directed to airway management and intubation. Laryngoscopy was performed, and minimal airway secretions were suctioned. The newborn was then intubated with a 3.0 cuffed endotracheal tube that was threaded over a 2.7 mm Hopkin's rod telescope. Visualization of normal airway structures was confirmed and the telescope was removed. After securing the endotracheal tube and suctioning, positive pressure ventilation was initiated by hand ventilation using room air with a sterile Mapleson circuit and surfactant was administered. Inspiratory pressures were limited by manometry, and the fetal response was determined by continuous pulse oximetry. The umbilical cord pulsations started dampening soon after the initiation of ventilation; however, oxygen saturation increased from 60% to 85% over several minutes. With improved oxygenation despite reduced placental support, decision was made to deliver the fetus rather than cannulate for ECMO. The fetus was then completely delivered, and the umbilical cord was clamped. The neonate was transferred to a separate operating room where umbilical arterial and venous catheters were placed and the chest was closed after placement of standard surgical drains. The oxygen saturation remained in high 80s, and the first arterial blood gas was pH 7.07, PaCO 2 83, PaO 2 39, Base À6 while being ventilated in room air. The neonate was then transferred to the cardiac surgical intensive care unit (ICU). No intraoperative complications for either the mother or the neonate were encountered.
ULTRASOUND-GUIDED PERCUTANEOUS FETAL ATRIAL SEPTOSTOMY

FOLLOW-UP IN THE ICU
The newborn was admitted to the ICU intubated and mechanically ventilated with a primed ECMO circuit outside the patient's room. Hemodynamics were within agedependent norms, supported by continuous infusions of epinephrine (0.05 mg/kg/min), dopamine (5 mg/kg/min), calcium chloride (8.3 mg/kg/h), and alprostadil (0.01 mg/kg/ min). Routine blood and metabolic work were obtained. Initial room air, postductal arterial blood gas demonstrated a pH of 7.48, PaCO 2 32, PaO 2 34, Base 0, and lactate 10 mmol/L. Overnight, hemodynamics stabilized on decreasing doses of epinephrine (nadir, 0.03 mg/kg/min) while blood lactate steadily decreased (nadir of 5) until an abrupt event induced by repositioning and endotracheal tube suctioning resulted in hypoxia followed by bradycardia and hypotension refractive to supplemental oxygen, analgesic administration, neuromuscular blockade, inhaled nitric oxide, fluid resuscitation, and titration of vasoactive medications. A bedside cardiac 
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ultrasound demonstrated poor ventricular function, and subsequent diagnoses of low cardiac output syndrome and pulmonary hypertension were made and the decision was made to place the neonate on central VA ECMO for stabilization. Cannulation occurred at the bedside, with direct arterial cannulation of the pulmonary artery with advancement through the large ductus arteriosus into the proximal descending aorta. An additional cannula was placed into the common atrium for venous drainage. The metabolic derangements rapidly corrected on ECMO. Additional ICU measures included hydrocortisone administration for presumptive adrenal insufficiency, surfactant administration for respiratory distress syndrome, and phototherapy as well as a double-volume exchange transfusion for hyperbilirubinemia of prematurity. Oxygen saturation and perfusion status remained satisfactory on ECMO support. We were successful in achieving good expansion and aeration of both lungs with adequate respiratory system compliance. Repeat echocardiogram showed good ventricular function (ventricular ejection fraction, 55%-60%) with unrestrictive atrial septum.
Unfortunately, the neonate developed a grade I intraventricular hemorrhage that rapidly progressed to grade III on serial cranial ultrasounds. These findings, in the context of the neonate's underlying diagnoses, were discussed with the family and the decision was made to separate from ECMO and, in accordance with the parents' wishes, a do-notresuscitate order was placed. Separation was successfully performed after a total of 5 days of ECMO support. The chest was left opened, and the neonate remained with adequate hemodynamics and with satisfactory arterial blood gases after separation. The ultimate plan was to postpone the Norwood stage I palliation and continue prostaglandin without ductal stenting due to prematurity. In the event of pulmonary overcirculation, we planned to proceed with bilateral branch pulmonary arteries banding and ductal stenting or simply continue the prostaglandin therapy.
On day of life 9, the neonate had a second acute decompensation with bradycardia and hypotension associated with increase in central venous pressure to 25 mm Hg. In accordance with the family's wishes, chest compressions were withheld, and the neonate was transitioned to comfort care and died in the presence of the family.
DISCUSSION
Intact or severely restrictive atrial septum poses a high risk of mortality in patients with HLHS.
1,3 Development of hydrops commonly portends in utero fetal demise. Many in utero or postnatal interventions can be futile due to secondary abnormalities including the pulmonary vasculature (diffuse hypoplasia of pulmonary arteries, "arterialization" of pulmonary veins with muscular media, and severe pulmonary hypertension). 4 Ultrasound-guided fetal atrial septostomy was first described in 2004 to provide prenatal left atrial decompression in HLHS-IAS. 5 Initial percutaneous intervention in this case allowed resolution of developing hydrops early on, avoiding fetal demise. The atrial septal communication had flow across it, but continued to be restrictive due to the muscular nature of the septum. Recurrence of hydrops required more definitive management because waiting until term would have likely led to in utero fetal demise.
Previous reports have described the EXIT procedure for HLHS to facilitate transition to cardiopulmonary bypass and atrial septectomy. 6 As the neonate begins breathing and the lungs expand, there is an increase in pulmonary blood flow resulting in severe pulmonary congestion and pulmonary edema if the obstruction is not relieved. This would be the case with the previously proposed Immediate Post-partum Access to Cardiac Therapy procedure in which the infant is delivered in the operating room with immediate transition to cardiovascular surgery after initial intubation and stabilization. However, EXIT to surgical septectomy without cardiopulmonary bypass allowed for the relief of atrial level obstruction, before the neonate's first breath. The choice of EXIT to ECMO vs EXIT to septectomy is challenging. Although both options were offered to the family and could have been performed at the time of delivery, we did not see a clear indication
